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ABSTRACT
We study relativistic unmagnetized collisionless shocks using unprecedentedly large particle-in-cell
simulations of two-dimensional pair plasma. High energy particles accelerated by the shock are found
to drive magnetic field evolution on a timescale & 104 plasma times. Progressively stronger magnetic
fields are generated on larger scales in a growing region around the shock. Shock-generated magnetic
fields and accelerated particles carry & 1% and & 10% of the downstream energy flux, respectively.
Our results suggest limits on the magnetization of relativistic astrophysical flows.
Subject headings: shock waves — magnetic fields — acceleration of particles — gamma rays: bursts
Due to the low plasma densities, shock waves ob-
served in a wide range of astronomical systems are col-
lisionless, i.e., mediated by collective plasma instabil-
ities rather than by binary particle collisions. Such
shocks play a central role in, for example, supernova
remnants (Blandford and Eichler 1987), jets of radio
galaxies (Maraschi 2003), γ-ray bursts (GRBs, Piran
2005), pulsar wind nebulae (PWN, Kirk et al. 2007), and
the formation of large-scale structure in the Universe
(Loeb and Waxman 2000). It is widely accepted that
particles accelerated to high energy in such shocks gen-
erate the nonthermal radiation observed in a wide range
of astrophysical sources and constitute the observed pop-
ulation of cosmic rays.
Despite intense research, collisionless shocks are still
not understood from first principles. In particular, there
is no self-consistent theory describing the acceleration of
particles and the generation of magnetic field fluctua-
tions, which in turn scatter particles and mediate their
acceleration. Much of the research has focused on “mag-
netized” shocks, where the upstream magnetic energy
flux constitutes a significant fraction of the total energy
flux. Here we focus on “unmagnetized” shocks, where
the upstream magnetic energy flux is small. An ex-
treme example of such shocks are the relativistic GRB
afterglow shocks, where the magnetic fraction of the en-
ergy flux, ǫB, increases from ∼ 10
−10 in the upstream to
ǫB ≃ 0.01 − 0.1 in the downstream (Waxman 2006, and
references therein). Under such conditions, it is likely
that the initial upstream magnetic field does not play
a role in the determination of the shock structure (e.g.,
Gruzinov 2001).
A near equipartition field, ǫB ≃ 0.1, may be produced
by electromagnetic (e.g., Weibel) instabilities (e.g.,
Blandford and Eichler 1987; Gruzinov and Waxman
1999; Medvedev and Loeb 1999). The coherence length
of the generated field is expected to be comparable in
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this case to the plasma skin-depth, lsd = c/ωp, where
ωp is the plasma frequency and c is the speed of light.
The main challenge associated with the downstream
magnetic field is that while magnetic power on lsd scales
rapidly decays after the shock, observations imply that
near equipartition fields must persist over 1010lsd down-
stream (Gruzinov and Waxman 1999; Gruzinov 2001).
This suggests that the magnetic field develops similarly
large coherence lengths (Gruzinov and Waxman 1999;
Gruzinov 2001). Such evolution could be driven by
large scale currents carried by particles accelerated
in the shock, possibly leading to a self-similar plasma
configuration (Katz et al. 2007). The mechanism for
the generation of large-scale magnetic fields in shocks
remains unknown.
Particle-in-cell (PIC) simulations, in which the plasma
is represented by macroparticles and Maxwell’s equa-
tions are solved on a grid, have been extensively
used in recent years to study shocks. Such studies
have quantified the generation of upstream current fil-
aments by pinching instabilities (e.g., Silva et al. 2003;
Frederiksen et al. 2004; Jaroschek et al. 2005; Spitkovsky
2005, 2008a; Chang et al. 2008), and resolved the forma-
tion of shocks in two- and three-dimensional (2D and 3D)
pair plasma (Spitkovsky 2005; Kato 2007; Chang et al.
2008) and in 2D ion-electron plasma (Spitkovsky 2008a).
These simulations revealed rapid decay of magnetic
fields downstream (Gruzinov 2001; Chang et al. 2008),
leaving the question of field survival over scales ≫
lsd open and triggering alternative suggestions for
field generation (e.g., Goodman and MacFadyen 2007;
Milosavljevic et al. 2007; Sironi and Goodman 2007).
In this Letter, we report new PIC shock simulations
performed on unprecedentedly long length and time
scales, (L/lsd)
2(Tωp) ≃ 4×10
10. These simulations show
the growth of magnetic power on progressively longer
scales driven by the accelerated particles, and impose
lower limits on the efficiencies of particle acceleration and
magnetization. Our results suggest that even the most
extensive simulations previously reported (Chang et al.
2008) were too small to capture significant particle ac-
celeration and the resulting magnetic field evolution (see
Katz et al. 2007, for a discussion of PIC simulation re-
sults and limitations). Here we discuss only the main
properties of shock evolution; the particle acceleration
2mechanism is discussed separately (Spitkovsky 2008b),
and a detailed analysis of the simulations is deferred to
a later publication.
Simulation set-up. For simplicity, we focus here on
strong, relativistic shocks in unmagnetized pair plasma.
In order to reach long length and time scales, we resort
to 2D, and comment below on expected differences with
respect to 3D shocks. We use the electromagnetic PIC
code TRISTAN-MP (Spitkovsky 2005), a parallel version
of TRISTAN (Buneman 1993) heavily modified to min-
imize noise and numerical instabilities. A rectangular
simulation box is set up in the x− y plane, with periodic
boundary conditions in the y-direction and a conducting
wall at xwall = 0. Cold, neutral plasma is continuously
injected from xinj = ct in the −xˆ direction, where t is
the simulation time. Reflection off the wall then results
in a shock propagating along +xˆ. All parameters are
measured in the downstream frame, in which the wall is
at rest.
Typical simulation parameters are: injected bulk
Lorentz factor γ0 = 15, thermal spread ∆γ0 = 10
−4,
and Nppc = 8 particles per species per cell, with spatial
and temporal resolutions δx = lsd/10 and δt = 0.045ω
−1
p .
Here ω2p = 4π(ne+ +ne−)q
2/γ0m, where m and q are the
particle mass and charge, and n is the upstream number
density. Our largest simulation has ∼ 2 × 1010 particles
and (Lx/lsd)× (Ly/lsd)× (Tωp) = 6300× 1024× 6300 ≃
4 × 1010, although smaller simulation boxes have been
evolved for as long as 12600ω−1p . The results displayed
below mostly refer to a simulation with Ly = 402lsd,
evolved for T = 12600ω−1p .
Short time evolution. At early times, t . 1000ω−1p ,
we recover shock formation as reported previously
(Spitkovsky 2005; Chang et al. 2008; Spitkovsky 2008a):
a transition layer of a few 10lsd thickness propagat-
ing upstream, in which the plasma isotropizes, ther-
malizes and compresses. The simulated shock tran-
sition agrees to within a few percent with (magnetic
free) hydrodynamic jump conditions: a shock velocity
vsh = c(Γd−1)[(γ0−1)/(γ0+1)]
1/2 and density compres-
sion ratio nd/nu = (Γd+γ
−1
0 )/(Γd−1). Here, Γd ≃ 3/2 is
the downstream adiabatic index, and upstream pressure
was neglected (Spitkovsky 2008a).
Upstream, the interaction between the unshocked flow
and a counterstream running ahead of the shock leads to
the formation of current filaments (in both 2D and 3D)
parallel to the flow, surrounded by near-equipartition
filamentary magnetic (in the fluid frame) structures.
Behind the shock, near equipartition magnetic clumps
form and are advected with the downstream flow in
2D. At early times (where 3D simulations are possi-
ble, t . 103ω−1p ), good agreement is found between
these clumps and the 2D projection of extended mag-
netic loops formed nearly perpendicular to the flow in 3D
shocks. When averaged along the transverse direction,
ǫB ≡ (B
2/8π)/[(γ0 − 1)nmc
2] (where B is the magnetic
field amplitude) peaks at ∼ 7% near the shock transition
layer and decays below 0.1% within 1000lsd downstream
(Chang et al. 2008).
Long time evolution. The above description does not
include the effects of high energy particles accelerated by
the shock, negligible at early times. Our present simula-
tions are sufficiently large to reveal the onset of particle
acceleration and the slow evolution of shock properties
(evident on ∼ 1000ω−1p timescales) driven by these en-
ergetic particles. A small fraction of particles, acceler-
ated to Lorentz factors γ0 ≪ γ ≪ γmax by repeated
scatterings near the shock, gradually builds up a flat
(γ2dn/dγ ∼ const.) power-law energy tail downstream,
already containing a fraction ǫacc & 10% of the energy
at t = 104ω−1p (Spitkovsky 2008b). Here we defined ǫacc
as the ratio between the energy density of particles with
γ > 5γ0 behind the shock, and the far upstream kinetic
energy density, such that for a thermal distribution of
the particles in the downstream ǫacc(γ0 ≫ 1) ≃ 0.3%.
Fig. 1.— Plasma evolution within 1000lsd of the shock. Nor-
malized transverse magnetic field sign(B)ǫB (color scale stretched
in proportion to ǫ
1/4
B to highlight weak features) is shown at (a)
early (t1 = 2250ω
−1
p ), and (b) late (t2 = 11925ω
−1
p ) times. Here
∆x ≡ x−xsh is the distance from the shock, with xsh (dashed) de-
fined as median density between far upstream and far downstream.
Also shown are the transverse averages (at t1, dashed blue, and t2,
solid red) of (c) electromagnetic energy normalized to the upstream
kinetic energy, ǫEM ≡ [(B
2 +E2)/8π]/[(γ0 − 1)nmc2] (with E the
electric field amplitude, included because in the simulation frame
the induced E ∼ B upstream), (d) density normalized to the far
upstream, and (e) particle momentum γβx (with β the velocity in
c units) in the x-direction averaged over all particles (higher 〈γβx〉)
and over downstream-headed particles only.
The energetic particles running ahead of the shock sig-
nificantly alter the properties of the counterstream and
the resulting current filamentation and magnetization
upstream. Figure 1 shows the resulting spatial distri-
bution of magnetic fields at early vs. late times, as well
as the density and momentum profiles. It reveals an
increasing magnetization level, with fields generated on
gradually larger scales and extending farther away from
the shock, both upstream and downstream. As a result,
3the shock compression transition layer (defined, say, be-
tween 10% and 90% of full shock compression) widens, n
and ǫB become more oscillatory with distance behind
the shock, the shock slightly accelerates (by . 1%),
and the final compression ratio slightly decreases (by
. 4%). Due to the substantial energy carried by the
accelerated particles running ahead of the shock, the
average momentum is strongly modified far upstream,
∆x ≡ x − xsh & 1000lsd, although the incoming flow
slows down considerably only at ∆x . 100lsd (figure 1e).
Figure 2 quantifies the evolution of downstream mag-
netization. It shows the power spectrum Pk defined by
ǫB =
∫
Pk d log k (curves), the average coherence length
〈λ〉 and the energy fraction ǫB (filled circles) of magnetic
fields in an lx = 800lsd long region trailing behind the
shock. In order to avoid shot noise contamination1, ǫB is
measured only for coherence lengths λ = 2π/k > 10lsd.
During 103 . tωp . 10
4, ǫB in this region grows by a
factor of ∼ 4 and reaches ∼ 1%. As illustrated in Figure
1, the typical size of upstream filaments increases sub-
stantially in time, with typical thickness (10 − 15)lsd at
t = 103ω−1p growing by a factor of 3 − 4 by t = 10
4ω−1p .
Figure 2 shows a modest effect downstream, where the
average magnetic coherence length grows by ∼ 10% dur-
ing this epoch.
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Fig. 2.— Magnetic 2D power spectrum in a sample down-
stream region defined by −1000 < ∆x/lsd < −200. The spec-
trum is shown to gradually grow and possibly flatten with time
[solid curves for tωp ≃ 1900 (blue), 4600 (green), and 12600
(red)]. The integrated energy fraction ǫB and average scale 〈λ〉 ≡
2π/ exp[ǫ−1B
R
log(k)Pk d log k] of the magnetic field (filled circles)
grow correspondingly. Suppressing particle acceleration (cooling all
particles above γcool = 80, dashed line and square for tωp = 5750)
stops the magnetic evolution. Also shown are estimated shot-noise
power (dotted) and a λ = rL ≃ (2Pk)
−1/2lsd curve (dash dotted)
with rL the Larmor radius of γ = γ0 particles, roughly separat-
ing magnetized (large scale) and non-magnetized (small scale) bulk
plasma regimes.
In order to test the role played by high energy parti-
cles in the evolution of the shock, we have performed a
1 Noise with power inversely proportional to Nppc, filtered on
small scales, and tested not to distort our results.
suite of simulations with artificially suppressed particle
acceleration. In these runs, we introduced cooling, where
particles with γ > γcool lose a random fraction of their
nonthermal energy, with various choices of γcool. Cooling
is found to significantly slow down or completely stop
shock evolution, leading to a fixed magnetization level
and a steady-state magnetic power spectrum. Higher val-
ues of γcool are found to produce larger ǫB and 〈λ〉. For
example, a steady state configuration with ǫB = 0.2%
(at −1000 < ∆x/lsd < −200), obtained for γcool = 80
(γ0 = 15), is shown as a dashed line in Figure 2.
The decay rate of magnetic fields advected downstream
slows down as the shock evolves, as illustrated in Figure
3. This is partly attributed to the increased fraction of
power deposited in large scale fields, which are expected
to survive farther downstream. Indeed, the inset of Fig-
ure 3 shows that for λ & 40lsd, magnetic evolution is well
fitted by exponential decay, Pk ∝ e
−ωt, with ω ∝ k2.
Such behavior is expected, for example, in MHD mag-
netic diffusion with scale-independent resistivity (note
that Figure 2 suggests that the bulk plasma is indeed
magnetized on these scales). Figure 3 thus indicates, for
example, that power on λ = 30lsd (100lsd) scales survives
more than 103lsd (10
4lsd) downstream.
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Fig. 3.— Decay of magnetic energy in three different slices ad-
vected downstream at progressively later times. Each slice is lx =
1000lsd long, located with its upstream edge at ∆x0 = −500lsd
at t0ωp = 3600 (solid red), 5175 (dashed green) and 6750 (dash-
dotted blue); all curves cutoff when the simulation terminates at
tωp = 8550. The decay rate is seen to slow down as the shock
evolves. Power on scales λ & 40lsd decays nearly exponentially in
|∆x|, shown (dotted red) for t0ωp = 3600 and λ/lsd = 40, 50 and
67 (fast to slow decay). In Chang et al. (2008), magnetic decay
was studied in a fixed downstream frame region (e.g., solid line),
not taking into account magnetic field evolution due to accelerated
particles.
Inset: Spatial decay rate of the magnetic power spectrum
(2/vsh)ω(k) = P
−1
k (−dPk/d∆x) in a slice (with lx = 1400lsd
and t0 = 4500ω
−1
p ) advected downstream at (t − t0)ωp =
0, 225, 450, . . . 1800 (solid, dark to light curves). At large scales,
the decay rate is well fitted by ω ∝ k2 (dashed), whereas at small
scales ω decreases with time/distance from the shock.
Convergence. Convergence tests were performed with
respect to all simulation parameters (around their val-
4ues given above), with no qualitative changes to the re-
sults. Figures 1 and 2 indicate that the simulation box
used is sufficiently large to avoid significant boundary ef-
fects. However, as ∼ 40% (5%) of the magnetic power
is already deposited in λ > 50lsd (λ > 100lsd) scales at
t ≃ 104ω−1p , increasingly larger simulation boxes, in both
longitudinal and transverse dimensions, will be required
in order to properly resolve the shock and the growing
coherent structures.
Conclusions. Our analysis shows that collisionless
shock configurations simulated previously may represent
steady state configurations only as long as particle accel-
eration remains insignificant. We find that a population
of energetic particles is accelerated and drives the gener-
ation of progressively stronger fields on gradually larger
scales. Our simulations do not reach a steady state;
rather, an increasing fraction of shock energy is trans-
ferred to energetic particles and magnetic fields through-
out the simulation time domain.
Once stochastic acceleration and magnetization ensue,
they are unlikely to diminish to a lower energy steady
state. Hence, our results suggest lower limits to the
efficiencies of magnetization and particle acceleration,
ǫB & 1% at distances |∆x| < D = 1000lsd downstream
of the shock, and ǫacc & 10% with no significant cool-
ing identified downstream. We find no evidence for the
saturation of ǫacc, ǫB, D or γmax, although the high en-
ergy particles downstream are already sub-equipartition
at t ≃ 104ω−1p .
Although our results are obtained for 2D pair plasma,
we expect qualitatively similar shock evolution in 3D
shocks and in electron-ion plasma. While the nature
of upstream current filaments and downstream magnetic
loops/clumps may depend on dimensionality, 2D and
3D simulations are in good agreement at early times
(Spitkovsky & Arons, in preparation). Also, shocks in
ion-electron plasma were found to be similar to pair
plasma shocks at early-time 2D simulations due to effi-
cient electron heating (Spitkovsky 2008a). Some level of
stochastic particle acceleration is inevitable in all cases,
but the generalization of our results to 3D or to ion-
electron plasma is yet to be tested at late times and in
the presence of a high energy particle tail.
The major role played by high energy particles in shock
evolution, their flat spectrum and the apparently flatten-
ing magnetic power spectrum are trends consistent with
a self-similar plasma configuration (Katz et al. 2007), al-
though the simulated downstream scale growth is more
modest than the λ ∝ D self-similar scaling. At this stage,
the simulations are not yet sufficiently advanced to vali-
date or rule out self-similarity.
In summary, we have shown that collisionless shocks
in 2D pair plasma evolve on long, & 103ω−1p timescales,
such that the acceleration efficiency, magnetization
level, and coherence length scale all increase in time.
These trends and the above lower limits on ǫacc and
ǫB indicate that a shock propagating into a cold,
homogeneous plasma with B = 0 remains a vi-
able model for astronomical shocks, with no need
for additional assumptions about magnetic turbu-
lence generation (e.g., Goodman and MacFadyen 2007;
Milosavljevic et al. 2007; Sironi and Goodman 2007).
Our results confirm that particle acceleration and mag-
netization are intimately related, with high energy par-
ticles playing a major role in generating the magnetic
fields which in turn scatter and accelerate the particles.
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